One contribution of 17 to a theme issue 'Biodiversity and ecosystem functioning in dynamic landscapes'. The importance of intraspecific trait variability for community dynamics and ecosystem functioning has been underappreciated. There are theoretical reasons for predicting that species that differ in intraspecific trait variability will also differ in their effects on ecosystem functioning, particularly in variable environments. We discuss whether species with greater trait variability are likely to exhibit greater temporal stability in their population dynamics, and under which conditions this might lead to stability in ecosystem functioning. Resolving this requires us to consider several questions. First, are species with high levels of variation for one trait equally variable in others? In particular, is variability in response and effects traits typically correlated? Second, what is the relative contribution of local adaptation and phenotypic plasticity to trait variability? If local adaptation dominates, then stability in function requires one of two conditions: (i) individuals of appropriate phenotypes present in the environment at high enough frequencies to allow for populations to respond rapidly to the changing environment, and (ii) high levels of dispersal and gene flow. While we currently lack sufficient information on the causes and distribution of variability in functional traits, filling in these key data gaps should increase our ability to predict how changing biodiversity will alter ecosystem functioning.
Introduction
One of the central issues facing ecology is predicting how ecosystem functioning will change as species composition shifts in response to anthropogenic drivers [1] . Early research linked species richness to biodiversity and ecosystem functioning (BEF) [2] [3] [4] . Collectively, these studies demonstrated relatively consistent patterns of declining diversity leading to decreased ecosystem functioning [5] . However, this type of research did not provide much insight into how changes in abundance, rather than in diversity, affect ecosystem function. To address this problem, a trait-based approach, predicated on the assumption that species' effects on ecosystem functioning depend on key morphological, chemical, physiological or behavioural traits, has since been developed [6] [7] [8] . This approach is powerful in that it can be generalized across species [9, 10] . Much progress has been made using trait-based approaches, but typically researchers have ignored intraspecific variability in traits [11, 12] . However, in ecosystems experiencing changing environmental conditions, this source of variability could be the key to understanding how the effects of different species on ecosystem functioning might shift as community composition changes in response to fluctuating conditions. In particular, incorporating intraspecific variability may provide valuable insights into the stability of ecosystem function.
One key insight stemming from the use of trait-based approaches to understand BEF was recognizing that changes in ecosystem functioning owing to shifts in composition following a change in environmental conditions is a two-stage process [7] . First, traits determine how the species present in an assemblage will respond to a given driver. Second, traits present in the assemblage determine ecosystem functioning. Critically, the traits predicting responses to a particular driver (response traits) may or may not be the same traits as those traits predicting the effects of species on a particular ecosystem function (effects traits) [13] . There has been much progress in documenting broad-scale correlations between different traits that may reflect fundamental physiological or evolutionary constraints (such as the leaf economic spectrum in plants) [14] . However, it certainly need not be the case that values of response and effects traits are correlated either across or within species, a fact with important implications for considering the effects of trait diversity on the stability of ecosystem function.
While there has been substantial research on the degree of correlation between the values of different traits, there is considerably greater uncertainty about whether variability in different traits is correlated [15] . High levels of variability in response traits should provide a species with a high probability of maintaining stable populations in a variable environment, assuming that species are shifting their trait values primarily in order to produce optimal trait values given environmental conditions (as opposed to, for example, avoiding competition, which theoretically would lead to trait displacement, or owing to genetic constraints). In contrast, high variability in effects traits could destabilize ecosystem functioning, at least under certain conditions (discussed below). Thus, determining whether there are general patterns of variability across species is a key research need.
Variation in trait values within a species can arise from multiple processes, most commonly phenotypic plasticity or local adaptation at the population level [9, 16] . While both these mechanisms result in the same general pattern at the local scale, the sources of variation can have important consequences for the temporal and spatial scales of how species respond to environmental variation and how these changes feedback to ecosystem functioning. Considering which processes are more strongly shaping trait variation can allow us to make better predictions about how species will respond to fluctuating environmental conditions and how they will subsequently impact ecosystem function.
Here, we introduce a conceptual model to describe the potential links between intraspecific trait variability and the stability of ecosystem functioning. We have developed this conceptual model based on plants, as they have been the focus of the majority of trait-based research. However, the model should hold for other taxa in principle. Using a dataset from the vegetation of the Sandhills region of North Carolina, we provide an analysis of the degree to which trait variability is correlated across species as a model for future analyses. We close by discussing the implications of different mechanisms for generating trait variability for the stability of ecosystem functioning in a variable environment.
Conceptual model
We start by assuming that species' contributions to ecosystem functioning is driven primarily by their abundance, following the mass ratio hypothesis (MRH) [17] . While there are probably other factors that also contribute to the relative importance of a species, such as trait novelty, the MRH is commonly assumed in many studies and has substantial support [18, 19] . It is under this assumption that people have adopted the widely used metric of community-weighted means (CWM) of traits as an important predictor of ecosystem functioning. The CWM of trait X (presumed here to be an effect trait) is calculated as follows CWM X ¼ S S p S X s, where p S is the relative abundance of species S. From this, it follows that for individual species' contributions to ecosystem functioning to be stable, they must either minimize variance in both abundance and effect trait X, or have variation in abundance and effects traits that offset each other. We now consider how trait variation will affect these two components.
(a) Variation in abundance
If species are present in an environment where conditions are variable (figure 1a), then we would predict that maintaining maximum population size at different points in time would require different values of response traits. For example, a positive relationship between water availability and specific leaf area (SLA) has frequently been observed [14, 20, 21] , suggesting that under dryer conditions, lower SLA values are optimal, whereas the opposite is true under wetter conditions. It thus follows that species with greater variability in a response trait (figure 1b) should have a greater ability to produce optimal trait values under a wider range of environmental conditions (figure 1c). We note here that we are assuming that species tend to exhibit variation that is adaptive, i.e. moving towards optimal trait values. While this is a common assumption, it has also been proposed that species vary their traits so as to avoid competition with other species that have similar trait values (e.g. equalizing versus stabilizing mechanisms [22] ). However, if this assumption holds, we should predict that species with greater variance in response traits should tend to have more stable population sizes.
(b) Variation in effects traits
Determining how variation in effects traits will affect the stability of ecosystem functioning is a slightly more complex prospect. This is because, for some ecosystem functions, the relationship between effects traits and ecosystem functioning may be relatively constant under different environmental conditions (as was assumed for the relationship between response traits and abundance above). For example, Cornwell et al. [23] found that SLA predicts decomposition rates of leaf litter across a wide variety of ecosystems, suggesting that in general higher SLA leads to higher decomposition, regardless of the environmental conditions. When the relationship between effects traits and ecosystem functioning is not contingent on environmental conditions, we would predict that species exhibiting high degrees of variability in effects traits should destabilize ecosystem functioning (figure 1d). However, it is also possible that the relationship between effects traits and ecosystem functioning will be contingent on environmental conditions. For example, when the ecosystem function of interest is primary productivity, response traits and effects traits will often either be identical, or at least tightly linked, as species that reach high abundance do so because they have high productivity. In this case in a wet environment, having a higher SLA might lead to greater productivity, and lower productivity in a dry environment. Under such a situation, it is now the species with higher variability in effects rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150272 traits that will have a more stable contribution to ecosystem functioning (figure 1e).
Taking all of these together, we can make the following predictions for the interaction between trait variability and ecosystem functioning in a fluctuating environment: (i) for species with low levels of variability in both response and effects traits, we predict low stability in ecosystem functioning owing to large changes in abundance. (ii) For species with low levels of variability in response traits, but high levels of variability in effects traits, we generally predict low stability in ecosystem functioning. However, if the relationship between effects traits and ecosystem functioning is contingent on the environment, and a species changes its effects traits to a large enough degree to offset its changes in abundance, then its contribution to the CWM of the effect trait, and hence its impact on ecosystem functioning, could be constant. (iii) For species with high variability in response traits but low variability in effects traits, we should see stable ecosystem functioning if the relationship between effects traits and ecosystem functioning is not contingent on the environment. (iv) For species with high levels of variability in both response and effects traits, we should see stability in ecosystem functioning only when the relationship between effects traits and ecosystem functioning is contingent on the environment.
Is variability in traits correlated across species?
Given the predictions outlined in §2b, we first wanted to investigate what types of correlations appear between trait variabilities across species in natural populations. High variability in functional traits should allow species to maintain high fitness under a broader range of environmental conditions by allowing them to track environmental changes. In fact, high variability in a number of traits has been proposed as a possible explanation for the fact that some invasive species are able to time environmental conditions The red species has limited capacity to shift its trait values and thus exhibits large changes in abundance when compared with the blue species, which has higher levels of trait variability, and thus more stable populations. (d ) If we assume that the red species also has limited variability in its effects traits relative to the blue species, in situations where the relationship between effects traits and ecosystem functioning is not contingent on environmental conditions, we predict that the red species should cause greater stability in ecosystem functioning than the blue species. (e) However, if the relationship between effects traits and ecosystem functioning changes in different environments (t 1 versus t 2 ), it is the blue species with higher variability in effects traits that is predicted to stabilize ecosystem functioning.
evidence for species with high variability in multiple traits, and poor correlation between trait variability and the range of environments occupied.
We conducted a trait analysis of 11 plant traits measured on 107 species (63 685 measurements total) from a longleaf pine forest understory in North Carolina, USA (see [24] for trait collection methods and site description). We included a variety of common plant traits, such as SLA (cm 3 g 21 ),
leaf dry matter content (LDMC, gg 21 ), plant height (cm), and C : N ratio, that are known to be important in a range of systems [10,14,25 -27] . These traits are also considered relevant to both plant response to the environment and plant effects on ecosystem functioning [7] . Because our study sites occur along a strong soil moisture gradient from xeric uplands to wet riparian areas, we included water use efficiency (WUE; D 13 C), a trait known to influence the fitness of individuals along soil moisture gradients in water-limited systems [28 -32] . Lastly, because our study area is in a pyrogenic system experiencing frequent prescribed burning, we also included a variety of traits related to leaf flammability that are important to plant fitness [33 -35] . These include time to ignition (s), maximum flame height (cm), maximum burn temperature (8C), burn time (s), per cent of matter consumed, and smoulder time (s). Classification of these traits as 'response' or 'effect' traits depends on the question of interest. For example, SLA can be considered a response trait related to changes in nutrient availability, but can also be considered an effect trait with respect to primary productivity as it is positively associated with photosynthetic rates [7] . We looked at correlation in variability in plant traits (quantified by the coefficient of variation) using pairwise Spearman rank correlations across species. We found variability between traits to be significantly correlated in only about 25% of cases, and in those cases, the strength of correlation was moderate or weak, and often negative (table 1) . There was only a single trait pair, SLA and LDMC, whose coefficients of variation had a significant, positive correlation that was of moderate size (r ¼ 0.58, p , 0.001). Overall, these findings support Mitchell et al.'s [24] conclusion that there is little evidence for species that are highly variable in multiple traits, a result which has serious implications for maintaining ecosystem functioning in changing environments.
In our analysis, the majority of species fit predictions 2 and 3, showing variability in multiple traits, but very little correlation between them. Weak correlation in variability between traits, and especially negative correlations (prediction 3), indicates that even if species have enough variability in response traits to maintain their fitness and abundance as the environment shifts, they are unlikely to demonstrate enough variability in critical effects traits to maintain stability in ecosystem functioning. For example, WUE (D 13 C) is a response trait influencing fitness along soil moisture gradients [28] [29] [30] [31] [32] , and leaf C : N is an effect trait known to control decomposition rates [36, 37] . We found that leaf C : N and WUE variability were moderately negatively correlated across species (r ¼ 20.37, p ¼ 0.002). This implies that even if a species has high variability in WUE and is able to track changes in soil moisture and maintain its abundance, the species may not necessarily have enough variation Table 1 . Spearman rank correlations between coefficient of variation for each trait across 107 understory plant species found in the Sandhills of North Carolina, USA. 
Implications of phenotypic plasticity versus genetic variability
It is clear from our analysis that, while variation in response and effects traits is not necessarily correlated, there is high variability in several traits. Observed variation in both response and effects traits can be driven by two primary mechanisms: phenotypic plasticity [38] and local adaptation to prevailing conditions [39] . Which of these mechanisms is most prevalent, and under what circumstances, is a matter of some debate [40 -42] . However, the underlying source of trait variability will have impacts on how species cope with a changing environment, the linkage between variability in response and effects traits, and whether ecosystem functioning remains stable under fluctuating conditions. Plants are hypothesized to express functional traits that are at or near the optimum given prevailing environmental conditions and biotic interactions [43] . Given sufficient genetic variability, plants may be able to adapt towards this optimum (local adaptation), or may instead adapt a 'general-purpose genotype', or a genotype that displays high phenotypic plasticity in response to encountered conditions. Although plasticity, in particular, has been found to be very prevalent among plants [44] , not all traits display appreciable plasticity. Indeed, recent genetic analysis of plant traits has indicated that phenological traits, in particular, exhibited low plasticity, whereas those associated with nutrient capture tended to be the most plastic [45] . Highly canalized traits (e.g. photosynthetic pathway, reliance on specialized pollinators) incorporate no environmental information when constructing an individual's phenotype, and are typically highly invariant, thus any ecosystem functioning reliant on such traits is most directly influenced by species abundance and hence likely to be unstable (figure 1d). For those traits that are not highly canalized, plastic responses can shift trait means and create wide intraspecific variability in traits [46, 47] , although this variability is not always beneficial at the individual level. A recent meta-analysis [48] examining the prevalence and adaptive value of plastic responses found that whereas half of plastic traits responded with 'perfect plasticity' in response to the changing environment (traits shifted towards a common optimum across populations of the same species), nearly one-third of plastic traits responded with non-adaptive plasticity (plastic responses moved individuals further from trait optimums). The maintenance of plasticity within an individual also has costs. Monitoring and responding to environmental stimuli can be energetically expensive, and poor correlation between environmental cues and trait expression can lead to trait-environment mismatches, and a maladaptive phenotype [49] .
In contrast, local adaptation is expected to consistently lead to trait expression that is near optimum. A rich literature exists demonstrating that in reciprocal transplant experiments, local populations often show a fitness advantage over transplanted populations (reviewed in [41] , but see [40] ). In order for local adaptation to arise, a number of conditions must be met. Strong environmental heterogeneity that favours wide differences in phenotype helps drive local adaptation. However, in order to respond to this heterogeneity, species must also possess sufficient genetic variation. Lack of genetic variation can lead to lack of adaptation, regardless of population size. Like phenotypic plasticity, local adaptation is not without cost. Phenotypes that are well adapted to one set of environmental conditions may be maladapted to another, reducing fitness when conditions are altered [50] . Furthermore, offspring derived from highly locally adapted populations may suffer maladaptation, even at relatively small spatial scales, if environmental conditions are significantly different from those of the parent population [51] .
Plasticity and local adaptation are expected to arise under specific ecological conditions, which may allow us to predict when to expect either plasticity or local adaptation as a driver of trait variation, and to better understand how these sources of variation impact upon ecosystem functioning. Phenotypic plasticity is expected to arise in systems where abiotic conditions are unpredictable on short timescales, but environmental signals are reliable [52] . Thus, we would predict that for widespread species with high gene flow, high variability owing to phenotypic plasticity is likely to arise in response to strong environmental signals (e.g. resource acquisition traits). Local adaptation is expected to arise when environments are highly divergent but relatively stable over time, and where gene flow is low (e.g. phenotypic traits). Under both mechanisms, under circumstances where variance in response and effects traits is tightly linked, we might expect ecosystem functioning to fluctuate predictably in response to environmental signals, and to maintain higher stability where plasticity in dominant species is prevalent. However, when variance in response and effects traits are driven by different mechanisms or in response to different environmental signals, predicting impacts of environmental signals on ecosystem functioning becomes much more difficult, as variability in response and effects traits are decoupled. In these circumstances, identifying the mechanism, underlying driver and magnitude of variance in effects traits will become critical.
Discussion
The ability to predict ecosystem functioning under fluctuating environmental conditions is one of the key goals of ecology. However, research examining how trait variability impacts upon the stability of ecosystem functioning is sorely lacking. Here, we have presented a conceptual model that will allow researchers to develop testable predictions that incorporate both inter-and intraspecific sources of trait variation to better understand the stability of ecosystem functioning.
In our analysis of 11 plant traits across 107 species, we found little evidence that there were tight positive or negative correlations between trait variation. Rather, we found that variation in response traits and effects traits was poorly correlated, and when significantly correlated, this relationship was often negative (high variability in response traits and low variability in effects traits). These results indicate that we may predict stability for ecosystem functioning in this system only for traits that are decoupled from the environment (e.g. SLA and decomposition). Further analysis of the correlation between variation in response and effects across a larger number of species and biomes will indicate whether this trend is indeed general or only specific to this system.
Considering the potential source of this variability is also an important area of future research. For example, in rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150272 communities that exhibit high gene flow and frequently fluctuating conditions, we may expect to see higher variability in both response and effects traits owing to phenotypic plasticity; and a greater prevalence of prediction 4, high stability in ecosystem functioning as species respond plastically to fluctuating environmental conditions. In contrast, in isolated communities with low gene flow and less-frequent fluctuation, we would predict large changes in ecosystem functioning as environmental conditions fluctuate ( prediction 1). Such communities may be of greater conservation value, if, for example, they provide critical ecosystem functions that will be disrupted owing to environmental change.
Conclusion
It is clear that intraspecific variability in traits is an important, but often overlooked, link to understanding BEF under fluctuating environmental conditions. Future work in this area should quantify variability in response and effects traits, and identify the role of phenotypic plasticity and local adaptation, in environments experiencing a range of environmental fluctuations to strengthen our understanding of linkages between variability in response and effects traits across ecosystems. We can then build on these trends to make predictions about the stability of ecosystem functioning in the face of fluctuations both endemic to the system, and under possible future conditions.
